This study examined the measurement of the contralateral acoustic stapedius reflex in six-week-old infants and adults using wideband shifts in admittance and energy reflectance (YR). The reflex activator was bandpass noise from 2,500 to 11,000 Hz presented at a maximum spectrum level of 51 dB SPL measured in the ear canal. Reflexes were detected by calculating a crosscorrelation between one-twelfth-octave measurements of YR for the highest activator level and responses to lower levels. The reflex-induced shifts in YR for the infant ears were similar in pattern to adult responses but were noisy at frequencies below 1000 Hz. Infant reflexes were more successfully detected when the cross-correlation was calculated from 1000 to 8000 Hz, whereas adult reflexes were more successfully detected for a cross-correlation from 250 to 2000 Hz. This method may be useful in capturing the most robust frequency region for acoustic reflex detection across postnatal middle ear development.
T he acoustic stapedius reflex is a threeor four-neuron arc in the low brainstem, which is activated by suprathreshold levels of sound and culminates in the bilateral contraction of the stapedius muscle (Borg, 1973) . When the stapedius muscle contracts, the impedance of the normal middle ear changes, and therefore an indirect, noninvasive measurement of the acoustic reflex is the related change in acoustic impedance or admittance of the middle ear. The presence of an acoustic reflex reveals information about the afferent auditory system, the function of the auditory brainstem, the integrity of the VIIth (facial) nerve, which innervates the stapedius muscle, and the functional status of the middle ear. Therefore, the acoustic reflex is an important physiological test of auditory function and, as such, is useful in the assessment of infants. For example, neonates with auditory dysynchrony may pass a screening of cochlear function using evoked otoacoustic emissions but may have poor functional hearing due to this neural site of lesion. These infants can be identified by the elevation or absence of the acoustic reflex (Hood, 1999) .
The current American National Standards Institute (ANSI) standard for immittance instruments (S3.39-1987) calls for the use of a 226 Hz probe tone when measuring admittance. This probe frequency works well for measuring acoustic reflexes in adults. However, studies that have used 220 Hz or 226 Hz probe frequencies to measure the acoustic reflex in neonates and young infants have observed absent reflexes in 90% of infants (Keith, 1973; Allred, 1974; Jerger et al, 1974; Bennett, 1975; Abahazi and Greenberg, 1977; Keith and Bench, 1978; Stream et al, 1978; Weatherby and Bennett, 1980) .
Higher probe frequencies (660 to 2000 Hz) have been more successfully employed in obtaining acoustic reflex measurements with neonates and young infants (Weatherby and Bennett, 1980; Bennett and Weatherby, 1982; Hirsch et al, 1992; Rhodes et al, 1999) . Weatherby and Bennett (1980) reported that 100% of 44 neonates had contralateral reflexes for a broadband noise activator when probe frequencies from 800 to 1800 Hz were used. On the basis of those results, Bennett and Weatherby (1982) used a 1200 Hz probe tone in measuring acoustic reflex thresholds in 28 newborn infants. They were able to measure the acoustic reflex for a contralateral broadband noise activator in 26 of 28 infants. Hirsch et al (1992) obtained ipsilateral acoustic reflex measurements with an 800 Hz probe tone in infants who were about to be discharged from a neonatal intensive care unit (NICU). The activators were a 2000 Hz tone and a high-frequency noise band. Reflexes were absent in only 13 of 149 ears tested (8.7%), and ten of these had abnormal auditory brainstem response (ABR) results. In another study examining hearing screening in the NICU, Rhodes et al (1999) measured the ipsilateral acoustic reflex using a 1000 Hz probe tone for 2000 Hz and broadband-noise activators. Of the ears tested, 82% had present acoustic reflex measurements for one or both of the activators, while 83% passed an ABR screening.
These studies suggest the utility of using a probe tone frequency higher than 226 Hz for measuring the acoustic reflex in infants. However, there is currently no consensus on what probe frequency to use for young infants. Furthermore, it is not known if a single frequency would be ideal for all infants in the neonatal to six-month range, or if the ideal probe frequency would change with the development of the middle and outer ear over the first six months of life (Keefe et al, 1993) .
A method has recently been developed that uses a wideband probe stimulus for measuring the acoustic reflex by examining changes in admittance and energy reflectance (YR) of the middle ear Keefe, 1999, 2001 ). This method has been shown to provide a sensitive measurement of the contralateral acoustic reflex threshold in adults, which is about 12 dB lower than those obtained using a 226 Hz probe tone (Feeney, Keefe, et al, 2003) . As it is apparent that the frequency region for the most sensitive reflex measurement changes with development (Weatherby and Bennett, 1980; Bennett and Weatherby, 1982) , the use of a wideband probe stimulus in infants should allow for reflex-induced shifts in middle ear function to be monitored at the most robust frequency (or band of frequencies) as the reflex response changes with development. This should allow for the most sensitive reflex measurement at any age, which would not be biased by the selection of a single probe frequency (e.g., 226 Hz). This should also facilitate the establishment of normative reflex threshold data across developmental ages, which would be independent of the biasing effects of a fixed probe frequency.
The purpose of the present study was to apply the wideband acoustic reflex method to the measurement of contralateral acoustic reflexes in young infants. Data from young adults were obtained for comparison using the same reflectance system and reflex activator.
M ME ET TH HO OD D S Su ub bj je ec ct ts s Healthy infants having a normal birth history, born within two weeks of full-term delivery, and with a negative family history of hearing impairment were recruited for the study. Eight six-week-old infants, three boys and five girls with an age range of 5.6 to 6.3 weeks at test (mean = 5.9 weeks) were recruited using the Infant Studies Participant Pool at the University of Washington. Parents who had agreed for their infant to participate in an infant hearing study were contacted by phone for participation in the study. Infant participants were also required to have (1) a normal otoscopic screening; (2) a normal 1000 Hz admittance tympanogram (defined as having a peak within ±100 daPa of ambient pressure and with peak-compensated static acoustic admittance [Peak Y tm ] greater than 0.6 mmhos at 1000 Hz using a +200 daPa reference [Margolis et al, 2003 ]; and (3) a normal screening with distortion product otoacoustic emissions (DPOAE). The DPOAE screening was conducted for f 2 frequencies of 2000, 3000, and 4000 Hz with a primary frequency ratio of 1.22. The levels of f 1 and f 2 were set at 65 dB SPL and 55 dB SPL, respectively. The pass criteria were defined as DPOAE levels ≥0 dB SPL and an emissionto-noise-floor ratio of ≥6 dB (Gorga et al, 1999; Prieve, 2002) .
Three adult subjects, one woman and two men ages 18.2 to 18.6 years, were recruited from flyers posted on campus. These subjects had a negative history of middle ear disorders and met the inclusion criteria of (1) a normal otoscopic screening, (2) a normal 226 Hz admittance tympanogram defined as having a single peak within ±10 daPa of ambient pressure and with Peak Y tm between 0.3 and 1.7 mmho (Margolis and Hunter, 1999) , and (3) pure-tone air-conduction thresholds ≤15 dB HL from 250 to 8000 Hz with air-bone gaps ≤10 dB.
A Ap pp pa ar ra at tu us s a an nd d S St ti im mu ul li i All testing was completed in a commercial double-walled sound-treated booth. Otoacoustic emission screening was conducted using a Mimosa Acoustics, model DP-2000 DPOAE instrument with an Etymotic Research, model ER-10C microphone system. Tympanometry was conducted using a Grason-Stadler, Inc., model 33 version II (GSI-33) immittance instrument calibrated to ANSI S3.39 (1987) standards. Pure-tone audiometry to meet the inclusion criteria for adults was conducted using a Madsen, model 622 diagnostic audiometer calibrated for air-and bone-conduction testing to ANSI S3.6 (1996) standards.
The wideband YR measurement system consisted of an Etymotic Research, model ER-10C microphone system; a Communication Automation and Control, model 32C data acquisition card with a 24 kHz sampling frequency; and a personal computer. The probe signal consisted of 40 msec electrical chirps with a bandwidth from 200 to 10,000 Hz that were generated by the data acquisition card, routed to an attenuator (TDT-PA4), and then routed to a receiver in the ER-10C probe, referred to as microphone A. The overall level of the chirps was set at 65 dB SPL for adult testing and 55 dB SPL for infant testing as calibrated in a Zwislocki occluded ear simulator (Knowles Electronics, model DB-100). The microphone response was high-pass filtered at 225 Hz (64 dB/octave) to remove biologic and system noise. The microphone signal was then digitized at a 24 kHz sampling rate using the data acquisition card and stored for data analysis.
The stimulus for reflex activation was presented using a second ER-10C microphone system (microphone B), modified by the manufacturer to permit an additional 20 dB of receiver output, with a separate model 32C data acquisition card and second personal computer. The stimulus was a digitally generated band of frozen noise with a length of 2048 samples at a 24 kHz sampling frequency and 3 msec cosine-squared on-off ramps. Its pass band was from 2.5 to 11 kHz with a roll-off outside the pass band of approximately 64 dB per octave; similar to the noise used in the infant-reflex study of Hirsch et al (1992) , but with a wider bandwidth. The stimulus was attenuated (TDT, PA-4) and then routed to a receiver in microphone B. The microphone signal was then digitized at a 24 kHz sampling rate using the data acquisition card to record the activator level in the subject's ear canal implemented in Matlab. The maximum overall noise level was set at 90 dB SPL in the ear canal for adult and infant subjects. This level for infant ears was approximately equal to 68 dB SPL measured in 2 cm 3 coupler. Given the 8500 Hz bandwidth of the noise, this was at a spectrum level of 51 dB SPL in the ear. Pilot testing showed that the noise band at this level was high enough to elicit a contralateral acoustic reflex in about half of young adults with normal hearing as measured with the GSI-33 immittance instrument using a 226 Hz probe tone. E En ne er rg gy y R Re ef fl le ec ct ta an nc ce e C Ca al li ib br ra at ti io on n Calibration of the YR system was conducted daily using the method described by Keefe et al (1992) . A set of six brass tubes was used to calibrate for infant testing with inside diameters of 4.85 mm (approximating the diameter of the infant ear canal) and lengths ranging from 269 to 690 mm with rigid terminations. During calibration, an Etymotic ER10C-04 infant probe tip was attached to the probe (microphone A) and then inserted into each calibration tube to obtain a snug fit. A set of six brass tubes was also used to calibrate for adult testing with inside diameters of 8 mm (approximating the diameter of the adult ear canal) and lengths ranging from 486 to 918 mm with rigid terminations. During calibration, a standard ER-10C foam ear tip with a diameter of 14 mm and length of 14 mm (ER10C-14A) was attached to the probe and then compressed and inserted into each calibration tube to a depth of approximately 12 mm.
The calibration procedure calculated the Thevenin source impedance and sound pressure of microphone A. This was accomplished by iterative comparison of the measured sound pressure in each of the six tubes to a tube model including viscothermal losses. Pressure spectrum measurements in a subject's ear canal were combined with the Thevenin parameters of the probe to obtain wideband impedance at the probe tip. The characteristic impedance at the entrance of the ear canal was then estimated using an acoustic estimate of the ear canal area. Energy reflectance measurements were obtained in one-twelfth-octave bands over a frequency range of 250 to 8000 Hz by a comparison of the impedance at the probe tip and the characteristic impedance of the ear canal using standard transformations (Keefe et al, 1992) .
A Ac co ou us st ti ic c R Re ef fl le ex x D Da at ta a C Co ol ll le ec ct ti io on n One parent of an infant participant sat in the sound-treated booth in a comfortable chair with the infant on his or her lap. Infants were fed and changed as necessary and allowed to fall asleep in a supine position on the parent's lap prior to testing. It was desirable to make acoustic reflex measurements with the infant asleep because the experimenter needed to hold both ER-10C probes still during testing; therefore, this measurement was obtained first after the infant fell asleep. This was followed by 1000 Hz tympanometry and DPOAE screening, which were both typically obtainable during slight movement in the awake infant. Once the infant was asleep, an otoscopic examination was conducted to ensure that the ear canals were clear and to determine the appropriate size of the probe tip to seal the canal. This was selected to be an ER10C-03, -04, or -05 infant probe tip with approximate diameters of 3, 4, and 5 mm respectively.
A probe tip was then attached to microphone B (the activator probe) and inserted into the infant's right ear canal for a measurement of the activator-stimulus level. The probe was held in place by one of the researchers who held the probe cable. This technique was used to support the probe, which tended to be displaced due to its weight with the infant in the supine position. The goal of this measurement was to calibrate the stimulus level in the subject's ear canal for a maximum overall level of 90 dB SPL. The noise band was generated by the data acquisition card using a custom signalgeneration and measurement system implemented in Matlab. The stimulus was presented to the subject's ear canal for approximately two seconds using one of the receivers in microphone B at an attenuated level, which was less than 90 dB SPL. The microphone response was low-pass filtered at 225 Hz to reduce system and biologic noise, digitized using the data acquisition card and stored for analysis. The attenuator was subsequently adjusted during data collection to levels in the ear canal ranging from 90 to 70 dB SPL by manual adjustment of the attenuator. Following the in situ calibration of the activator stimulus, a probe tip was attached to microphone A, and the probe was inserted into the infant's left ear canal for wideband YR measurements.
A similar procedure was used for the in situ calibration of the activator noise for adults. A standard adult tip (ER10C-14A) was attached to microphone B and compressed to fit in the subject's ear canal with full insertion depth (14 mm), if possible, depending upon the ear canal shape and size. Measurement of the activator level proceeded as for the infant subjects. Following the activator calibration, a standard adult foam probe tip was attached to microphone A and inserted into the subject's left ear canal. The cables for both microphones were attached with clips to the subject's clothing, and each adult subject was seated alone in the booth for acoustic reflex testing. The probe tip was allowed to expand for two minutes prior to YR measurement to seal the ear canal.
Several initial averaged baseline energy reflectance responses were evaluated to determine if there was an age-appropriate reflectance response (Keefe et al, 1993) or a leaky probe fit resulting in lower or higher energy reflectance than expected at the lowest one-third octave. A leaky probe fit was suspected in adults if the energy reflectance was lower than 0.8 at 250 Hz. If such a measurement was obtained, the probe tip was removed from the ear, reinserted, and allowed to expand for an additional two minutes prior to reflectance measurement. A leaky probe fit was suspected in an infant ear if the energy reflectance was below 0.3 or above 0.7 (Keefe et al, 2000) or if there was an observable low-frequency shift in energy reflectance between consecutive averaged reflectance responses. If a leak was suspected, the next-larger probe tip was selected for infant subjects, if appropriate, or the probe was repositioned and the reflectance remeasured to achieve an acceptable response.
Testing commenced once the experimenters determined that baseline reflectance responses were of the appropriate magnitude and stability. When the experimenter holding the ER-10C cables signaled that the infant was sleeping quietly, or once the adult subject was seated quietly, a series of chirps was presented to the subject's left ear by the second experimenter. The microphone response was monitored to determine if the subject's state was sufficiently quiet for data acquisition. The experimenter then started data collection and an artifact-reject algorithm was used to sample the level of intermittent noise to assess the validity of subsequent responses to chirps (Keefe and Ling, 1998) . This algorithm allows for the real-time adjustment of the artifact-rejection threshold, which was raised for infant subjects compared to adults, given the differences in biological noise levels to allow timely data collection. Eight valid responses to chirps were averaged across frequency to form an energy reflectance baseline response. Immediately after acquiring the baseline response, another energy reflectance measurement was obtained during the presentation of the activator to the opposite ear at a predetermined level. The chirp series, under experimenter control, was presented shortly after the activator onset and terminated automatically after eight valid responses were obtained. These were averaged to form the middle ear response in the presence of the activator stimulus. The activator duration was typically 2 to 3 sec depending on the subject noise associated with the measurement. One energy reflectance measurement in quiet (baseline) and one in the presence of the activator (noise) constituted a baseline-noise pair.
An experimental run consisted of the presentation of five baseline-noise pairs by varying the noise level from 90 to 70 dB SPL in 5 dB steps. Two such runs were completed for adults and infants unless the subject's state precluded additional measurements. YR shifts were then derived from these measurements. An admittance shift is defined as the admittance magnitude in the activator condition minus the admittance magnitude in the baseline condition. The reflectance shift is defined as the energy reflectance in the activator condition minus the energy reflectance in the baseline condition. For one infant subject who was lightly sleeping (I1), a maximum activator level of 85 dB SPL was used so that the activator would be less alerting.
A Ac co ou us st ti ic c R Re ef fl le ex x D De et te ec ct ti io on n The data from each experimental run were examined to determine the presence of a reflex response using a correlation method (Feeney and Keefe, 2001) . In this method each shift for a given activator level was cross-correlated with the response from the highest activator level used for that subject. The correlation method tested a response by determining whether the cross-correlation between it and the response at the highest noise-stimulus level was sufficiently high and positive to exceed a certain value ρ o. The cross-correlation, r, was transformed to approximate a normal distribution using the Fisher's Z transformation (Kleinbaum et al, 1988) . The following test statistic was used to test whether the correlation exceeded ρ o.
The value N represents the number of one-twelfth-octave points in the crosscorrelation that varied with the analysis bandwidth. A criterion value for ρ o = 0.548 was adopted, since the linear regression between two variables with this correlation accounts for 30% of the overall variance. A one-tailed test with an alpha level of 0.05 was used, and thus the correlation r > ρ o if Z > 1.645. Thus, a significant cross-correlation between the shift observed for the highest activator and a shift observed at a lower activator level defined the reflex as present at the lower activator level. Correlations were calculated across bandwidths of 250 to 2000 Hz (N = 37), 250 to 4000 Hz (N = 49), and 250 to 8000 Hz (N = 61) as in Feeney and Keefe (2001) . Correlations across bandwidths of 500 to 8000 Hz (N = 49) and 1000 to 8000 Hz (N = 37) were also calculated to examine the effect of negating low-frequency information, and thus biological noise, expected to be higher for infants than adults. The cross-correlation value was expected to decrease to zero as the activator level was decreased, with the limit that the shift between the baseline and activator conditions was due to baseline variability. If there were no significant correlations between reflectance or admittance shifts for an experimental run, an additional correlation was obtained between shifts at the highest activator level for repeated runs to determine the presence of a reflex response for that level. A crosscorrelation across each of the five bandwidths was also calculated between the shift for the highest activator and the difference between two subsequent baseline pairs to test if these YR responses would falsely be labeled a reflex.
R RE ES SU UL LT TS S
W ideband acoustic data for infants were accepted as satisfactory if the equivalent volume measurement was positive at frequencies below 1000 Hz. Data for three of the eight infants revealed negative equivalent volumes (less than -3.0 cm 3 ), which became more negative with decreasing frequency below 1000 Hz. This finding suggests a leaky probe fit resulting in invalid data (Keefe et al, 2000) . Therefore, only the data for the five infant subjects for whom equivalent volume measures were positive will be considered further. One-twelfth-octave measurements of the impedance level measured at the probe tip (in dB re 1 cgs ohm) and energy reflectance were averaged for three baseline conditions in a single run for each subject. The top panel of Figure 1 shows the mean impedance level at ambient pressure for the adult and infant groups. The impedance level for the adults decreased at approximately 6 dB per octave up to 3500 Hz, consistent with a stiffness-controlled system, and increased above the resonance frequency, consistent with a mass-controlled system. The mean impedance level for the sixweek-old infants was higher at all frequencies than that of the adults and started out in the low frequencies with a negative slope of approximately 6 dB per octave. There was a small local maximum at around 450 Hz, after which the impedance level decreased at a slope of about 4 dB per octave to 1000 Hz. The slope then returned to approximately -6 dB per octave above 1000 Hz, and there was a local minimum at 2000 Hz and local maximum at 4000 Hz similar to the data for one month olds reported by Keefe et al (1993) . The energy reflectance data at ambient pressure for the adults in the bottom panel of Figure 1 was typical of adult data with energy reflectance near 1.0 in the low frequencies, decreasing with frequency to a minimum near 4800 Hz and increasing at higher frequencies to around 0.7 at 8000 Hz (Keefe et al, 1993; Voss and Allen, 1994; Margolis et al, 1999; Feeney, Grant, et al, 2003) . The group mean energy reflectance for the six week olds was lower at all frequencies than for adult values. Infant energy reflectance was around 0.5 at 250 Hz, decreased with frequency to a minimum of 0.03 at 2000 Hz, and then increased at higher frequencies rising to 0.45 at 8000 Hz. These data for adults and infants are in agreement with the impedance level and energy reflectance data of Keefe et al (1993, figures 1, 4) for adults and one-month-old infants collected using a similar system. Two of the three adult subjects did not have a measurable acoustic reflex, and therefore reflex data will only be presented for one adult subject. This is consistent with the pilot data for this study suggesting that the bandpass noise at this level was only effective in activating a contralateral acoustic reflex in about half of young adults tested. Figure 2 shows the one-twelfth-octave shifts in energy reflectance (∆R = Reflectance activator -Reflectance baseline ) for the adult subject (A1) and the five infant subjects (I1 through I5). The parameter in each plot is the overall level of the activator measured in the ear canal of each subject. The plots labeled "Baseline" represent the difference in energy reflectance between two baseline conditions for each run during which the contralateral activator was not presented. Depending on how long the infant remained sleeping, data collection involved the presentation of all five activator levels as in the case of I3 or as few as two levels for I1 and I5. The shifts in normalized admittance magnitude (∆Y = [|Y| activator -|Y| baseline] / |Y| baseline) for the adult and five infant subjects is shown in Figure 3 for the same conditions displayed in Figure 2 . Figure   F Fi ig gu ur re e 1 1. . The upper panel shows the mean onetwelfth-octave impedance level in dB for the three adults (solid line) and five infants (dashed line) for whom valid data were obtained. The lower panel shows the mean energy reflectance for the same subjects. The error bars represent ±1 SE with every third data point shown for clarity.
F F i i g g u u r r e e 2 2 . . The onetwelfth-octave shifts in energy reflectance (∆R = Reflectance activator -Reflectance baseline ) for the adult subject (A1) and the five infant subjects (I1 through I5). The parameter in each plot is the level of the contralateral bandpass noise stimulus. The plots labeled "Baseline" represent the difference in energy reflectance between two baseline conditions for each run during which the contralateral activator was not presented. F F i i g g u u r r e e 3 3 . . The onetwelfth-octave shifts in normalized admittance (∆Y = [|Y| activator -|Y| baseline] / |Y| baseline) for the adult subject (A1) and the five infant subjects (I1 through I5). The parameter in each plot is the level of the contralateral bandpass noise stimulus. The plots labeled "Baseline" represent the difference in energy reflectance between two baseline conditions for each run during which the contralateral activator was not presented. 4 shows the mean values of ∆R (upper panel) and ∆Y (lower panel) for the 85 dB activator condition for the five infants. The maximum shift in energy reflectance is around 5% at 1000 Hz, and the maximum shift in admittance is around 10% of the baseline admittance at 1414 Hz.
The cross-correlation coefficients between the energy reflectance and normalized admittance shifts for the highest activator level and lower levels are shown in Table 1 for the conditions judged to result in an acoustic reflex by the correlation method (Fisher's Z > 1.645). The cross-correlations were obtained across five bandwidths from 250 to 2000 Hz, 250 to 4000 Hz, 250 to 8000 Hz, 500 to 8000 Hz, and 1000 to 8000 Hz. The correlation coefficients decreased with activator level for the adult subject as expected and tended to be the highest for the 250 to 2000 Hz and 250 to 4000 Hz bandwidths. The highest and in some cases the only cross-correlations that were significant for the infant subjects tended to be for the 500 to 8000 Hz and 1000 to 8000 Hz bandwidths, although I2 had high crosscorrelations for normalized admittance between the 90 dB activator condition and the 85 and 80 dB SPL activator conditions across all bandwidths. None of the cross-correlations between baseline differences and the shift for the highest activator level were judged to be reflexes by the correlation test for either
Table 1. Cross-Correlation Coefficients for Activator Levels at Which an Acoustic Reflex Was Judged to Be Present by the Correlation Method for Energy Reflectance and Admittance Measurements across Five Bandwidths E En ne er rg gy y R Re ef fl le ec ct ta an nc ce e B Ba an nd dw wi id dt th h ( (H Hz z) ) A Ad dm mi it tt ta an nc ce e B Ba an nd dw wi id dt th h ( (H Hz z) )
Subject Level (dB) 250-2000 250-4000 250-8000 500-8000 1000-8000 250-2000 250-4000 250-8000 500-8000 1000-8000 energy reflectance or normalized admittance. D DI IS SC CU US SS SI IO ON N D ata for two adult participants failed to yield an acoustic reflex based on the correlation test. This is consistent with our pilot data suggesting that the maximum level of the noise activator was not of sufficient intensity to result in an acoustic reflex in about half of young adults with normal hearing. In a previous study using the same method, acoustic reflexes were present in all 34 young-adult subjects tested using 1000 and 2000 Hz activators with an upper limit of 100 dB HL (Feeney, Keefe, et al, 2003) . Thus, the failure to observe reflexes in these two adults is attributed to the restricted maximum activator level, with a spectrum level of 51 dB SPL. However, an acoustic reflex was measured for all infant subjects for the same maximum activator level as measured in the ear canal.
The wideband pattern of subject A1's contralateral reflex shifts in YR were similar to those previously reported using the same method. However, the first zero crossing for the reflectance pattern for A1 was 1156 Hz for the 85 dB activator condition that was slightly higher than the average zero crossing for young adults of 1000 Hz reported by Feeney, Keefe, et al (2003) . The zero-crossing frequency for reflectance provides an estimate of the middle ear resonance frequency (Feeney and Keefe, 1999) . The first zero crossing of the normalized admittance pattern for A1 for the 85 dB activator condition was at 891 Hz. This was also somewhat higher than the average zero crossing of admittance for young adults that was reported to be around 600 Hz by Feeney, Keefe, et al (2003) . The 891 Hz zero crossing for admittance for A1 was lower in frequency than the first zero crossing of the reflectance pattern (1156 Hz), which shows the effect of the distance between the probe and the tympanic membrane on the ear canal admittance measurement. In contrast, energy reflectance is relatively independent of probe position in the ear canal (Stinson et al, 1982) .
With the exception of I4, it was possible to discern the first zero crossing of the reflectance pattern for each infant subject (aside from zero crossings in the low frequencies associated with noisy recordings), and this averaged 1637 Hz for the 85 dB activator condition for which data were available for the other four subjects. Compared with the average adult zero crossing for reflectance of 1000 Hz (Feeney, Keefe, et al, 2003) , this suggests a higher middle ear resonance frequency for infants than adults. The average for the first zero crossing of the normalized admittance pattern for the same four infants was 1156 Hz, which is higher than for the adult pattern (891 Hz) but also lower than the related reflectance measurement in these infants (1637 Hz), again suggesting the effect of the ear canal on the admittance pattern of the acoustic reflex.
Allowing for the differences in zerocrossing frequency between infant and adult reflectance and admittance shifts, the patterns of reflex shifts for adults and infants are remarkably similar. Both adult and infant reflectance shifts show a major increase in low-frequency reflectance with minimal shifts above 2000 Hz. The admittance patterns show a low-frequency decrease in admittance followed by sharp increase in admittance at frequencies above the zero crossing. The mean positive peak in admittance for adults is around 1000 Hz (Feeney, Keefe, et al, 2003) , somewhat lower than for A1 at 1122 Hz. However, the first positive admittance peak averaged across all five infants was at 1414 Hz. As with adults, the amplitude of this positive shift in normalized admittance is greater than the negative shift, which occurs below the cross-over frequency. For the 85 dB activator condition in the present study, the magnitude of the positive normalizedadmittance shift was approximately 10% compared to the magnitude of the lowfrequency shift that was approximately 5% (Figure 4 ). This is important for the purposes of reflex detection because this larger shift occurs at frequencies above 1000 Hz that are less contaminated by biological noise than lower frequencies, making the region above 1000 Hz a logical frequency region to search for an infant acoustic reflex. This concept is supported by the results of the correlation analysis for reflectance and admittance (Table 1 ). The frequency bandwidth that most often resulted in the detection of a reflex response for the infant subjects was the one extending from 1000 to 8000 Hz. All nine activator levels producing a reflex by reflectance measurement had a significant correlation for the 1000 to 8000 Hz bandwidth, as well as seven out of the nine activator levels for normalized admittance. Yet for the 250 to 2000 Hz bandwidth, only one out of nine activator levels yielded a significant reflex for the reflectance method, and two out of nine activators for the normalized admittance method.
The low-frequency region (<1000 Hz) of the infant YR shifts was noisy. This was likely due in part to the inherent noisiness of this population, even during sleep. It was necessary to raise the artifact rejection threshold to enable expedient data collection for all infants, thus increasing the inclusion of noise. Additionally, the method of holding the probe cables used in this study may have increased the noise levels due to small movements of the examiner during testing. A leaky probe seal was responsible for the exclusion of acoustic reflex data from three of the eight infants evaluated (37.5%). In contrast, Keefe et al (2000) reported a leaky probe fit in 270 of 2081 infant ears (13%) when making YR measurements. The difference between the studies in the success rate of obtaining valid YR data may be related to sampling error since the present study had a small number of subjects. Alternatively, the methodology of the present study, which required the experimenter to monitor the probe fit in both of the infant's ears over a longer time period, could have led to the differences in measurement success. Negative equivalent volume was used in both studies as the criterion for suspecting a leaky probe fit, but the analyses were conducted off-line following data collection. A real-time inspection of the wideband equivalent volume data would facilitate detection of a leaky probe fit in infants and allow for probe adjustments to be made during testing. Data collection would also be facilitated by using an ipsilateral acoustic reflex method so that the sleeping infant could be placed on its side with one ear directed up as was successfully employed by Hirsch et al (1992) and Rhodes et al (1999) in testing acoustic reflexes in high-risk infants. This paradigm is attractive for acoustic reflex testing in infants since only one ear would need to be monitored for an appropriate probe seal during testing. A recent study has shown the efficacy of obtaining wideband YR data using an ipsilateral reflex paradigm in adults (Feeney et al, 2004) . Additional work is needed to refine this approach and apply it to the infant population.
The inclusion of a middle ear measurement in newborn hearing screening programs has been suggested to assist the interpretation of tests for screening hearing loss (Keefe et al, 2000; . For example, in programs utilizing otoacoustic emissions as the hearing screening tool, a referral may occur due to the presence of a transient middle ear disorder or vernix caseosa in the ear canal, both of which could impede the forward transmission of the acoustic signal and the reverse transmission of the otoacoustic emission. A valid test of middle ear function could alert the examiner to the possibility of a screening failure due to a middle ear disorder. Or conversely, if the middle ear test were normal, the failure would alert the examiner of the likelihood of a true positive test for sensorineural hearing loss. Both outcomes could be useful to the audiologist for counseling parents and in planning follow-up evaluations. If the middle ear test included the measurement of the acoustic reflex, it could also be used to reduce false negative results in infants with auditory dysynchrony, for whom the diagnostic profile is normal otoacoustic emissions but absent acoustic reflexes and auditory brainstem responses (Hood, 1999) . Furthermore, the otoacoustic emission and middle ear function tests can be performed with the same basic probe assembly containing receivers and a microphone. Thus, a screening for inner ear disorders (otoacoustic emissions), middle ear disorders (wideband reflectance, admittance and acoustic reflex), and neural disorders (acoustic reflex) could be obtained using a single probe placement, making this a potentially efficient multifaceted screening technique.
C CO ON NC CL LU US SI IO ON N T he contralateral acoustic reflex for a highfrequency bandpass noise activator was detected in six-week-old infants using wideband measurements of energy reflectance and admittance. The general patterns of the YR reflex shifts were similar to those obtained in an adult subject with the same activator and were similar to data obtained from a larger group of young adults using tonal activators. This method of reflex measurement ensures that the most robust frequency region for reflex shifts can be used to detect the reflex, regardless of changes in the infant middle ear response during postnatal development. Data are needed from infants in the birth to six-month age range to examine the development of the acoustic reflex and wideband reflex test-retest reliability. Data are also needed from infants with hearing loss due to middle ear, inner ear, or neural dysfunction. An ipsilateral reflex paradigm would be ideal for these types of wideband measurements in infants, which could be combined with an otoacoustic emission test for a comprehensive acoustic method of screening inner ear, middle ear, and neural auditory function using a single probe.
A Ac ck kn no ow wl le ed dg gm me en nt t. . The authors thank Douglas Keefe for providing software for acquiring acoustic transfer functions.
